In the chemical vapor deposition process for carbon nanotube growth using catalytic particles, many carbon atoms as well as hydrogen atoms coexist on actual surfaces of catalysts and their mutual interaction may change the adsorption and diffusion properties of carbon atoms. To investigate the effect of hydrogen on carbon diffusion on the Ni(111) surface we have performed pseudopotential density-functional calculations. The diffusion barriers of CH x (x ¼ 1, 2, 3) on Ni (111) Well-aligned carbon nanotubes (CNTs) have been synthesized using the chemical vapor deposition (CVD) method. In the CVD process, hydrocarbons are often used as precursors, while transition metals play an essential role as catalysts. Hydrogen gas is conventionally used together with precursors in the CVD growth environment. The adsorbed hydrocarbons are known to easily decompose into carbon and hydrogen on transition-metal surfaces.
Well-aligned carbon nanotubes (CNTs) have been synthesized using the chemical vapor deposition (CVD) method. In the CVD process, hydrocarbons are often used as precursors, while transition metals play an essential role as catalysts. Hydrogen gas is conventionally used together with precursors in the CVD growth environment. The adsorbed hydrocarbons are known to easily decompose into carbon and hydrogen on transition-metal surfaces.
1) Therefore, abundant hydrogen exists in the CVD growth environment, so carbon atoms are likely to coexist with hydrogen atoms on the surfaces of catalysts, and consequently their mutual interaction may change the adsorption and diffusion properties of carbon atoms. Previously, we investigated the adsorption and diffusion behaviors of the carbon atom on the bare low-index surfaces of nickel.
2) Here, we focus on the effect of the adsorbed hydrogens on carbon diffusion by calculating the diffusion barriers of the carbon atom on the Ni(111) surface.
The calculations are carried out within the pseudopotential plane-wave method using a spin-polarized version of the Vienna ab initio simulation package (VASP). 3, 4) The generalized gradient approximation is used for the exchange correlation potential. Plane waves up to an energy of 287 eV are included to expand the wave functions, and the pseudopotentials atoms are represented by ultrasoft pseudopotentials as provided with VASP. 5, 6) We investigate the effect of hydrogen on the diffusion barrier of the carbon atom on the Ni(111) surface. We use a symmetric slab model with a (2 Â 2) surface supercell 7) consisting of five layers of nickel. For the Brillouin-zone integration, we use a 4 Â 4 Â 1 grid in the Monkhorst-Pack special point scheme. A Gaussian broadening with a width of 0.02 eV is used to accelerate the convergence in the k-point sum. Atoms are relaxed with a residual force smaller than 0.03 eV/ A. To study the effect of hydrogen on carbon diffusion, we consider the potential energy surface (PES) for the adsorption of CH x (x ¼ 1, 2, 3 is assumed if not mentioned otherwise) fragments on the bare Ni(111) surface. The potential energy surface for the adsorption of CH x is obtained by calculating the total energies over the whole mesh points on the nickel surface. All the degrees of freedom are relaxed except the parallel motion of the adsorbed carbon with respect to the nickel surface. Due to the symmetry on the surface unit cell, it is sufficient to calculate the total energies only in the irreducible part of the surface unit cell (see Fig. 1 ). From the PES results, we obtain their diffusion barriers to investigate the diffusion behavior of CH x fragments. The diffusion barrier is defined by the minimum energy required for the adsorbed species to diffuse across the potential energy surface.
First, we consider the diffusion behaviors of a single hydrogen and a single carbon on Ni(111). The total energies at the selective sites labelled from 1 to 6 in Fig. 1 are calculated. From these results, we can draw the potential energy surface (not reported here). Table I gives the relative energies for hcp, bridge, and fcc sites (labelled as 1, 2, and 3 in Fig. 1, respectively) with respect to the energy at the most stable site on Ni(111) for H and C adsorptions as well as for CH x . The most stable site for hydrogen is the fcc site, which is slightly lower by 0.02 eV in energy than the hcp site. The interatomic distance between Ni and H is 1.71
A at fcc and hcp sites, while it is 1.64
A at the bridge site and 1.48 A at A at the bridge site and 1.65 A at the top site. On the Ni(111) surface, the diffusion barrier is usually the difference between the adsorption energies at the most stable site such as hcp or fcc site and the bridge site. Therefore, the corresponding diffusion barriers are the same as the values listed in the second row of Table I . That is, the energy barrier for hydrogen diffusion is 0.14 eV (the difference in energy between fcc and bridge sites), while that for carbon diffusion is 0.37 eV (between hcp and bridge sites). The difference in relative binding energy and diffusion barrier between carbon and hydrogen is due to the difference in the number of valence electrons of two elements.
To consider the effect of hydrogen on carbon diffusion, we first calculate the carbon binding energy on the hydrogen-covered Ni(111) surface at several adsorption sites. However, hydrogens adsorbed on Ni(111) are easily captured by nearby carbon atoms within a distance of at least about 4
A (distance between the hcp and fcc sites) due to the relatively strong binding of hydrogen to carbon compared to nickel. We calculate the relative stability of CH x at its most stable site with respect to the isolated carbon and hydrogen atoms adsorbed on Ni(111). The CH fragment is more stable in energy by 0.48 eV than isolated C and H atoms. Also, the CH 2 (CH 3 ) fragment is more stable in energy by 0.10 (0.16) eV than isolated C and H atoms (see Table II ). Therefore, before desorption of H 2 at the appropriate temperature, hydrogens are easily bound to carbon adsorbed on the surface, so we need to investigate the adsorption and diffusion behaviors of the carbon atom with hydrogens, i.e., CH x fragments.
Similarly to H and C adsorption, we calculate the total energies for CH x adsorption at six sites shown in Fig. 1 . Their relative energies at three typical adsorption sites are also given in Table I , where it is shown that their hcp and fcc sites are very close in energy (within 0.04 eV) and remain stable. For the CH adsorption at the hcp or fcc site, the hydrogen is located on top of the carbon atom. For CH 2 , at the fcc or hcp site, a configuration where one of the hydrogens of CH 2 is slightly tilted toward the nearby nickel atom with the Ni-H distance of 1.77 A is more stable than other configurations considered at each site. For CH 3 , at the fcc or hcp site, a configuration where three hydrogens of CH 3 lie along the line toward each nearest nickel atom is most stable.
From the values in the second row of Table I corresponding to the diffusion barriers, it is found that the diffusion barrier decreases when the hydrogen number attached to the carbon atom increases. This implies that the carbon atoms diffuse more easily when hydrogens are attached to them.
In the C-H bonding of CH x configurations, the hydrogen atoms exhaust some of the valence electrons of carbon depending on the number of hydrogens attached to the carbon atom, while the nonbonding valence electrons of the carbon atom may form bonds with substrate nickel atoms. The relative stability between the most stable site (hcp or fcc site) and the bridge site depends on the relative binding strength between carbon and nickel atoms at those sites. If the number of nonbonding electrons of carbon is the same as that of nearby nickel atoms, the relative binding strength will become strong. If not, the relative strength will become weaker. Although qualitatively, this can explain the trend of diffusion barrier shown in Table I .
In summary, we performed density-functional calculations to investigate the effect of hydrogen on carbon diffusion. It was found that the presence of hydrogen changes the adsorption and diffusion behaviors of carbon on Ni(111). The barrier decreases with the presence of hydrogen. It is therefore revealed that hydrogen plays an important role in determining stable configurations and the diffusion barrier of CH x fragments on Ni(111) and hence affects the growth mechanism.
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